Mythimna separata (Walker) moths captured in light traps were monitored in Luohe, 
| INTRODUC TI ON
The oriental armyworm, Mythimna separata (Walker), is a seasonal migratory insect pest that frequently causes serious widespread loss or even disasters in cereal crops in China and East Asia (Li, Wang, & Hu, 1964) . Previous studies have reported that M. separata has four seasonal migrations in multigeneration between southern overwintering areas and northern areas every year in China. These migration episodes include two northern events (in spring and early summer) and two southern events (in the fall; Chen, Sun, Wang, Zhai, & Bao, 1995; Li et al., 1964; Wu, Cheng, Xu, Zhai, & Guo, 2001 ). The first northward migration occurs during the spring, ranging from southern areas to the central-northern plain. During this episode, individuals colonize and damage wheat. The second northward migration occurs in early summer, ranging from central-northern China to north and northeastern China. Generation individuals in this migration rarely remain and damage summer corn in the migration area, the central-northern region (Feng et al., 2008; Li et al., 1964; Zhao et al., 2009) . Recent reports, however, have recorded M. separata to increasingly cause destruction on a large scale on corn, the main grain crop, in summer and fall over recent decades in central-northern China (Jiang, Zhang, Cheng, & Luo, 2014; Jiang, Li, Zeng, & Liu, 2014) .
Changes in the summer migratory status of M. separata should be evaluated for their impact on human activities and environmental change.
The occurrence of insect migration is closely connected to their physiological and ecological factors, such as habitats, feeding, and reproduction by modifiable environmental factors (Dingle, 1972; Jiang, Luo, Zhang, Sappington, & Hu, 2011) . For example, the reduction of wheat area in southern China has resulted in a reduction of host plants (both food and habitat), an area where M. separata overwinters, thus resulting in a decrease of individuals migrating from the southern region to the central-northern area. Due to these changes, wheat disasters related to M. separata during the 1980s and 1990s reduced in Guo's paper (2006 (Diffenbaugh, Krupke, White, & Alexander, 2008; Garcia, Godoy, Thomas, Nagoshi, & Meagher, 2017; Inouye, Barr, Armitage, & Inouye, 2000; Sparks, Dennis, Croxton, & Cade, 2007; Sparks, Roy, & Dennis, 2005; van Gils et al., 2016) .
With the formulation of "oogenesis-flight syndrome," or "incompatible" physiological states of reproduction and migration (Johnson, 1963) , it was shown that the migratory status of insects could be altered if rising temperatures changed reproductive development or sexual maturity. Results by Wang and Liu (1996) showed that an increase in environmental temperature (to between 21 and 27°C) could stimulate reproduction development and the release of M. separata sex pheromones. Cusson, Mcneil, and Tobe (1990) also showed that when M. (Pesudaletia) unipuncta adults were transferred from an environment with a temperature of 15 to one of 25°C, a significant increase in JH biosynthesis was recorded within 24 hr.
As an indicator of migratory status (Johnson, 1963) , reproductive development levels of M. separata moths driven by temperature may be merely associated with climate warming through long-term monitoring. Although recent studies have developed novel methods to investigate migration based on morphological characteristics (Zhang, Jiang, & Luo, 2008) , using within-wing isotopic technology (Hobson, Doward, Kardynal, & McNeil, 2018) and speculation of physiological, environmental, and genetic regulation (Jiang et al., 2011 
| MATERIAL S AND ME THODS

| Study site
The monitoring site was located in Luohe City, Henan Province, China (33°58′N, 113°99′E). This site is situated further north than the boundary edge (33°N) of where M. separata is thought not to be able to overwinter.
| Collection method
Moths were collected between April 1st and October 31st, 1980 to 2016 (the 2004 record is missing), using light traps, which were located in the agricultural field of our institute's farm (33°36′N, 113°59′E). The black light wavelength used for collection was 365 nm with a power of 20 watts. Male and female individuals that were captured were counted every night.
| Ovarian dissection
We randomly dissected the ovaries of 20 females if there were more than 20 every day, or of all females that were captured on a given night if the total number of females was <20. The proportion of mated females were checked, and the number of perm beads (represented mating times) in the female spermathecae were counted.
Ovary data were used to determine the ovarian development level and mating rates. Moths were not dissected between 2005 and 2010, and in 2012. The ovarian development levels were divided into five grades as described by Dai, Jiao, and Qian (1962) . With the hypothesis that emigration is generally initiated by sexually immature individuals, leading to the formulation of "oogenesis-flight syndrome" (Johnson, 1963) , local female moths were considered as emigrants (Lin, 1990) when ovarian development was categorized as grade 1 or 2. In these grades, female moths were virgins and sexually immature (Zhao et al., 2009 ), but residents when sexually maturity above grade 3 after they had mated. 
| Meteorological
| Data analysis
According to the seasonal migratory pattern of M. separata using Li's report in central China (1964) Adversely, the proportion of the second generation in late summer recorded a significant decrease during the monitoring period.
This result, therefore, means that more and more moths will immigrated to other area in late summer (Figure 3b ).
An increase of the number of the second-generation moths did not have a correlate with the first-generation (Pearson correlation, n = 36, r = −.181, p = .292), but it has a close connection with increased proportions of sexually mature females (Pearson correlation, n = 29, r = .639, p = .000; Figure 4 ). This result means that the second-generation moth is from residents of the first generation due to more sexually mature individuals in the first generation using These results clearly show that M. separata has a strong response to increasing temperatures.
| Phenological responses to climate warming
F I G U R E 2
The earliest arrival dates of spring arrival Mythimna separata population (blue triangle) and advanced peak dates of the first (red circle) and the second generation (green block) 
| D ISCUSS I ON
In this paper, we show an important aftermath that phenological changes of M. separata had a strong response to a warming environment, similar to other species (Bebber, Ramotowski, & Gurr, 2013; Ovaskainen et al., 2013) , including an increase of sexually mature females, and changes of its migratory and damage status. F I G U R E 5 Warming trends in Luohe city, 1980-2016. a is the average yearly temperature, b is the average monthly temperature F I G U R E 6 Peak dates of Mythimna separata moth response to increasing average monthly temperature. a is the first-generation population in early summer, b is the second-generation population in late summer F I G U R E 7 Climate warming impact on migrated status (reproductive development). a is the date when the highest day temperature is 30°C between Mid-May and Mid-June; b is the rates of sexually immature female in the first-generation Mythimna separata moth's response to climate warming in the monitoring period, respectively Known responses to climate change on migratory species include (a) progressive arrival in the emigratory region (Sparks et al., 2007; Sparks et al., 2005) ; (b) expanded survival or crop damage margin (Diffenbaugh et al., 2008; Garcia et al., 2017) ; and (c) a reduction in body size due to malnutrition (van Gils et al., 2016) . However, physiological changes were not reported for the altered migratory status of species due to climate warming.
The promotion of sexual maturity of M. separata female moths with an increase in temperature has been previously recorded in laboratory by Cusson et al. (1990) , Heinrich (1993) and Wang and Liu (1996) . Results from our study support the findings that the migratory status of early summer populations of M. separata moths changed since the 1980s on the central-northern China plain as early summer warming accelerated ovarian development.
Previous studies have shown that early summer population emigration occurred from central-northern China to north and northeastern China (Feng et al., 2008; Li et al., 1964; Zhao et al., 2009) , and almost all individuals emigrated. However, the emigratory proportion was reduced due to global warming in recent decades, coupled with a decreasing proportion of lower ovarian development of M. separata female moths by the formulation of "oogenesis-flight syndrome" (Han & Gatehouse, 1991; Johnson, 1963 Johnson, , 1969 . On the other hand, insect migration behavior is also triggered or inhibited by environmental factors, such as habitat quality influenced by host plants except climate factors (Ramenofsky & Wingfield, 2007) . In our study, as host plants, the stable planting of winter wheat science 1980 (Wang, Tian, Guo, & Wang, 2009 ), the only factor to have changed may be climatic effects.
| CON CLUS ION
Our conclusion suggests that a warming climate in early summer could change migrant individuals of M. separata to being resident by an increase of female sexually mature between 1980 and 2016.
This would result in them frequently occurring on corn in the summer in the central-northern area in China ( Figure S3 ; Jiang, Zhang, et al., 2014; Jiang, Li, et al., 2014; Li, 1994; Sujayanand & Karuppaiah, 2016) . 
ACK N OWLED G M ENTS
DATA AVA I L A B I L I T Y S TAT E M E N T
The moth monitoring and meteorological data in Luohe City were archived in Dryad upon acceptance, https ://doi.org/10.5061/dryad.
f9r12h3.
O RCI D
Yu-qing Wu
https://orcid.org/0000-0002-7376-4971 
R E FE R E N C E S
